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Abstract. Gravity waves in the terrestrial atmosphere are a
vital geophysical process, acting to transport energy and mo-
mentum on a wide range of scales and to couple the various
atmospheric layers. Despite the importance of these waves,
the many studies to date have often exhibited very dissimilar
results, and it remains unclear whether these differences are
primarily instrumental or methodological. Here, we address
this problem by comparing observations made by a diverse
range of the most widely used gravity-wave-resolving instru-
ments in a common geographic region around the southern
Andes and Drake Passage, an area known to exhibit strong
wave activity. Specifically, we use data from three limb-
sounding radiometers (Microwave Limb Sounder, MLS-
Aura; HIgh Resolution Dynamics Limb Sounder, HIRDLS;
Sounding of the Atmosphere using Broadband Emission Ra-
diometry, SABER), the Constellation Observing System for
Meteorology, Ionosphere and Climate (COSMIC) GPS-RO
constellation, a ground-based meteor radar, the Advanced In-
frared Sounder (AIRS) infrared nadir sounder and radioson-
des to examine the gravity wave potential energy (GWPE)
and vertical wavelengths (λz) of individual gravity-wave
packets from the lower troposphere to the edge of the lower
thermosphere (∼ 100 km). Our results show important sim-
ilarities and differences. Limb sounder measurements show
high intercorrelation, typically > 0.80 between any instru-
ment pair. Meteor radar observations agree in form with the
limb sounders, despite vast technical differences. AIRS and
radiosonde observations tend to be uncorrelated or anticorre-
lated with the other data sets, suggesting very different be-
haviour of the wave field in the different spectral regimes ac-
cessed by each instrument. Evidence of wave dissipation is
seen, and varies strongly with season. Observed GWPE for
individual wave packets exhibits a log-normal distribution,
with short-timescale intermittency dominating over a well-
repeated monthly-median seasonal cycle. GWPE and λz ex-
hibit strong correlations with the stratospheric winds, but not
with local surface winds. Our results provide guidance for
interpretation and intercomparison of such data sets in their
full context.
1 Introduction
The last 2 decades have been a golden age for the measure-
ment of gravity waves in the terrestrial atmosphere. These
waves, which are a key driving mechanism for atmospheric
processes at all scales and altitudes, are an integral part
of our understanding of a vast range of atmospheric pro-
cesses, including cloud formation, the quasi-biennial and
semi-annual oscillations in the stratosphere, stratospheric
jets, the Brewer–Dobson circulation, and the maintenance of
the mean upper-atmospheric structure.
The development of new instruments, such as high-
vertical-resolution limb-sounding satellites (Wu and Ecker-
mann, 2008; Gille et al., 2008) and long-duration tracer bal-
loons (Hertzog et al., 2008, 2012), has led to extensive new
data sets which can be used to study the distribution and be-
haviour of these waves. In parallel with these new observa-
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tions, advanced methods for extracting new information from
more traditional atmospheric measurement techniques have
been developed, from in situ radiosondes (Vincent and Allen,
1996; Guest et al., 2000) in the troposphere to wind measure-
ments inferred from meteor trails in the upper mesosphere
(Hocking, 2005; Davies et al., 2015). This avalanche of in-
formation has allowed novel studies which have investigated
wave processes from pole-to-pole and from the surface to the
thermosphere.
These advances have allowed us to begin to study in detail
the extremely broad range of dynamical and chemical pro-
cesses affected by gravity waves throughout the atmosphere
(e.g. Fritts and Alexander, 2003; Alexander et al., 2010, and
references therein). However, the resulting knowledge, while
broad, is often shallow. A critical limitation is that no existing
observational technique combines the global scale and reach
needed with the spectral and temporal coverage necessary to
study the full spectrum and geographic distribution of grav-
ity waves (Alexander, 1998; Preusse et al., 2008; Alexander
et al., 2010), and there is no proposed technique that will
have that capability. This limitation is important because the
variability of the wave spectrum, and consequently the dy-
namics the waves induce and affect, can vary substantially
depending on the spectral properties of the wave.
Accordingly, the focus of observational gravity-wave re-
search must now at least partially shift to understanding and
interpreting our measurements in their complete multi-data
set context, rather than as individual spotlights on particular
parts of the wave spectrum. The need for such synergistic
instrument measurements has been highlighted by, for exam-
ple, Preusse et al. (2000) and Wu et al. (2006).
Such work is inherently technically challenging due to
the very different observational biases of the instruments
and methods used, and has thus lagged behind the collec-
tion and analysis of each individual data set. However, this
work is vital if our understanding of wave-driven phenom-
ena in the atmosphere is to reach the level of understanding
at which it can be directly implemented in the next genera-
tion of weather and climate models (Alexander et al., 2010).
The difficulty of such comparisons has been highlighted
recently by Geller et al. (2013), who analysed and com-
pared gravity-wave measurements from satellites, balloons
and leading climate models. Discrepancies were seen be-
tween the observational and model data sets, but dissimi-
larities were also seen between the different observational
data sets. While this difficulty has been known for some
time, (e.g. Alexander, 1998), the Geller et al. (2013) study
highlighted these differences, with order-of-magnitude dif-
ferences in wave momentum flux between data sets not atyp-
ical, even between identical data sets analysed using different
methods.
The aim of the current study is to address these problems
in several ways.
Firstly, we include additional observational techniques
beyond those used by Geller et al. (2013), specifically
nadir-sounding measurements from AIRS, additional limb-
sounding measurements from the Microwave Limb Sounder,
MLS-Aura, and upper mesopheric measurements from me-
teor radar.
Secondly, we analyse each data set using methods as sim-
ilar as possible to each other. This, for example, may eluci-
date whether the known differences between HIRDLS and
Sounding of the Atmosphere using Broadband Emission Ra-
diometry (SABER) measurements of gravity wave potential
energies arise due to observational constraints or to analyt-
ical choices. This was done for momentum fluxes observed
by HIRDLS and SABER by Geller et al. (2013); here, we
extend it to additional instruments and to potential energies.
Thirdly, we extend the height range covered significantly
in the vertical, extending from near-surface altitudes to the
upper mesosphere.
We focus our work geographically on the region around
Tierra del Fuego (54◦ S, 68◦W). This choice is not arbitrary:
this region lies between the southern Andes and their contin-
uation in the Antarctic Peninsula, arguably the two most in-
tense sources of orographic gravity waves in the world, and
allows us to combine a range of satellite instruments (AIRS,
COSMIC, HIRDLS, MLS-Aura and SABER) with measure-
ments obtained from the Southern Argentina Agile Meteor
Radar (SAAMER) meteor radar located on Tierra del Fuego
and radiosondes launched from the nearby Mt Pleasant high-
resolution radiosonde station. The methods and techniques
used are in principle extensible to any geographic location.
For reasons of space, we do not study model output.
We investigate the observed distribution of gravity wave
potential energy per unit mass (GWPE) and gravity wave
vertical wavelengths (λz) over a 10◦ latitude by 20◦ longitude
box centred on Tierra del Fuego (54◦ S 68◦W) for the satel-
lite and radiosonde data sets, and the gravity-wave-induced
wind variance for the SAAMER radar. To simplify the text,
we use the term GWPE hereafter to describe both satellite-
derived GWPE and radar variance unless otherwise speci-
fied; it should be clearly noted, however, that the radar vari-
ance is more closely analogous to gravity wave kinetic en-
ergy (GWKE) (e.g Balsley and Garello, 1985; Geller and
Gong, 2010), and this substitution is made purely for textual
reasons.
A companion study (Part 2) will use the same data sets
and geographic region to investigate gravity wave momen-
tum fluxes (GWMFs) and horizontal wavelengths (λh), and
will investigate the effects of spectrally subsetting individual
data sets to more closely correspond to each other.
The aim of the combined work is to provide a quantitative
understanding of the key differences induced by the observa-
tional filters of these data sets in this region. The work thus
provides guidance for the future intercomparison of observa-
tions of gravity waves made using these various techniques.
Section 2 describes the data sets we use in this study. Sec-
tions 3, 4 and 5 then describe the geographic, temporal, alti-
tudinal and spectral coverage of each data set and the meth-
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ods we use to obtain estimates of GWPE and λz. We then
discuss GWPE measurements in Sect. 6 and vertical wave-
lengths in Sect. 7. Finally, we draw conclusions in Sect. 8.
2 Instruments and data sets
2.1 AIRS
The Advanced Infrared Sounder (AIRS) is an infrared nadir-
sounding instrument on NASA’s Aqua satellite, launched
on the 4 May 2002 and with continuous data availability
since shortly after that date (Aumann et al., 2003). Part of
NASA’s A-Train afternoon satellite constellation, Aqua flies
in a 98 min sun-synchronous polar orbit, with an ascending-
node equator-crossing local solar time of 13:30. AIRS has
2378 spectral channels, which provide a continuous swath of
radiance measurements with an average cross-track footprint
width of 20 km, varying from 13.5 km at the centre of the in-
strument track to 40 km at the edges across 90 parallel tracks.
Data are processed in “granules” corresponding to 6 min of
along-track data collection, with 135 rows of data in each
granule (Olsen et al., 2007).
AIRS has been used to study atmospheric gravity waves in
a range of recent studies (e.g. Alexander and Barnet, 2007;
Alexander et al., 2009a; Hoffmann et al., 2014; Eckermann
and Wu, 2012; Niranjan Kumar et al., 2012; Alexander and
Grimsdell, 2013; Gong et al., 2015). We use AIRS Level 1
(version 5) radiance data; these data are available at consider-
ably higher horizontal resolution than the AIRS Level 2 tem-
perature product (Hoffmann and Alexander, 2009) and are
consequently more useful for studying small-scale phenom-
ena such as gravity waves. These data also preserve wave
features in the vertical, which the methods used to optimise
the standard AIRS Level 2 product will suppress (Alexander
and Barnet, 2007). We use perturbations to measured radi-
ance values to compute wave properties in the altitude range
∼ 16 to ∼ 42 km, using the channel selections of Gong et al.
(2012) (listed in their Appendix A). These channels are cen-
tred at the 2, 2.5, 3, 4, 7, 10, 20, 30, 40, 60, 80 and 100 hPa
pressure levels, and their weighting functions are illustrated
in Fig. 1a, which is discussed in greater detail below.
2.2 COSMIC
The Constellation Observing System for Meteorology, Iono-
sphere and Climate (COSMIC) is a joint US/Taiwanese mis-
sion based on a constellation of six identical microsatellites
at an orbital altitude of 800 km. Each satellite intercepts GPS
signals transmitted through the atmosphere. The phase delay
in these signals allows the bending angle of the transmission
path through the atmosphere to be computed. These angles
can then be analysed to produce profiles of temperature from
the troposphere to a best-case altitude of around 60 km al-
titude, but with many profiles dropping out before reaching
this level (Anthes et al., 2008; Barnett et al., 2008)1. Iono-
spheric noise begins to affect the signal above around 38 km
(Tsuda et al., 2011), increasing in significance with height.
We use the “dry” 2013 reprocessed version of the COSMIC
Level 2 product.
COSMIC measurements are pseudo-randomly distributed
across the globe due to the requirement for an optical path be-
tween a GPS and a COSMIC satellite and the differing orbits
of the two constellations. Vertical resolution estimates, based
on the size of the signal Fresnel zone in typical atmospheric
conditions, range from ∼ 1.4 km in the stratosphere (Kursin-
ski et al., 1997) to ∼ 100 m in the lower troposphere, with a
precision of∼ 0.5 K (Anthes et al., 2008; Tsuda et al., 2011).
These measurements, together with those of the similar pre-
vious CHAMP mission, have been used for a vast range of
gravity-wave-related studies, including for example Hei et al.
(2008); Alexander et al. (2008b, 2009b); Wang and Alexan-
der (2009); McDonald et al. (2010); Tsuda et al. (2011); Mc-
Donald (2012); Faber et al. (2013); John and Kumar (2013);
Šácha et al. (2014) and Hindley et al. (2015).
Data are available from mid-2006 onwards, with around
1000–1500 profiles per day, declining slightly over the mis-
sion due to aging and loss of the satellites. These profiles are
typically too widely separated in space and/or time to pro-
vide a useful estimate of GWMFs, with the exception of a
period of ∼ 11 months during the deployment phase of the
mission when the satellites flew closely together (Barnett
et al., 2008; Faber et al., 2013; Hindley et al., 2015). Con-
sequently, GWMF estimates (Part 2) are only presented from
this period, but estimates of other properties are shown for
the duration of the mission.
2.3 HIRDLS
The HIgh Resolution Dynamics Limb Sounder (HIRDLS)
is a 21-channel limb-scanning filter radiometer on NASA’s
Aura satellite (Gille et al., 2003; Schoeberl et al., 2006).
Aura is also part of NASA’s A-Train, with an ascending-
node equator-crossing time a few minutes after Aqua. De-
signed to measure high-vertical-resolution atmospheric radi-
ance profiles, one particularly productive area of research has
been the detection and analysis of gravity waves (GWs) (e.g.
Alexander et al., 2008a; Hoffmann and Alexander, 2009;
Wang and Alexander, 2009; Wright et al., 2010; Yan et al.,
2010; France et al., 2012; Ern and Preusse, 2012; Wright and
Gille, 2013). This is due to the close along-track profile spac-
ing used for the majority of the mission, necessitated by an
optical blockage discovered shortly after launch (Gille et al.,
2008).
The blockage leads to observations from HIRDLS being
obtained at a large angle to the rear line-of-sight of the instru-
1Throughout this study, we refer collectively to “limb sounders”,
which we define as COSMIC, HIRDLS, MLS-Aura and SABER.
These instruments have very similar observational characteristics –
see e.g. Sect. 5.
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Figure 1. (a) Kernel (“weighting”) functions of the AIRS channels used in our analysis, each plotted against height; (b) attenuation coeffi-
cients computed for a theoretical wave of amplitude unity for each channel, plotted against the vertical wavelength of the theoretical wave;
(c) temperature perturbation granule observed by AIRS on 6 September 2003; (d) interim GWPE values computed from this measurement
granule, with temperature perturbations from panel (c) overplotted for reference; (e) as (d), but smoothed with a 10-pixel disc smoother to
approximate averaging over the full cycle of the wave.
ment, with measurements following a small circle 47◦ offset
from the orbital great circle, and thus not spatially co-located
with other A-Train measurements. Around 5500 vertical pro-
files per day were collected globally between the commence-
ment of scientific operations in January 2005 and the failure
of the optical chopper in early 2008. These profiles are typi-
cally spaced approximately 70–120 km apart.
V007 of the HIRDLS data set provides vertical tempera-
ture profiles from the tropopause to ∼ 80 km in altitude as a
function of pressure, allowing us to produce useful gravity-
wave analyses at these higher altitudes. Measurements have
a precision ∼ 0.5 K throughout the stratosphere, decreasing
smoothly to ∼ 1 K at the stratopause and 3K or more above
this, depending on latitude and season (Khosravi et al., 2009;
Gille et al., 2013; Wright et al., 2015). Vertical resolution
is ∼ 1 km in the stratosphere, rising smoothly between ∼ 60
and ∼ 70 to ∼ 2 km.
2.4 MLS-Aura
The Microwave Limb Sounder is a limb-sounding instrument
on NASA’s Aura satellite. Based upon the heritage of the
previous MLS, which flew aboard the UARS satellite in the
early 1990s, MLS-Aura measures microwave emissions from
the atmosphere in five spectral bands, allowing the observa-
tion of a range of physical quantities and chemical species
(Schoeberl et al., 2006; Waters et al., 2006). In particular,
atmospheric temperature and pressure are measured by the
satellite, in the 118 and 239 GHz bands. Measurements from
MLS-Aura started 15 days after the launch of Aura in mid-
2004, and continue to date.
We use version 3.3/3.4 (hereafter simply v3.3) of the
MLS-Aura Level 2 product (Livesey et al., 2013). Although
not the most recent version of the retrieval (which would be
v4.2), this is the newest product which consistently covers
the entire period under investigation at time of writing. Pro-
viding quality flags in the data set are used appropriately, dif-
ferences in the temperature product between versions 4.2 and
3.3 should be small (Livesey et al., 2015).
MLS-Aura v3.3 temperature products cover the range
261–0.001 hPa (∼ 10–100 km). Resolution varies with height
from 3.6 to 6 km, and the minimum detectable vertical wave-
length (defined as twice the vertical resolution) is illustrated
in Fig. 6. Along-track resolution is ∼ 170 km from 261 to
0.1 hPa, degrading to 220 km at 0.001 hPa, with precision de-
grading from 0.6 K in the lower stratosphere to 2.5 K in the
mesosphere (Livesey et al., 2013).
Due to its comparatively limited vertical resolution rel-
ative to other limb sounders, MLS-Aura is less often used
to study gravity waves then some other data sets. There are
some examples however, including Niranjan Kumar et al.
(2012), using wavelet methods similar to ours (described be-
low), Wu and Eckermann (2008), who used saturated vari-
ances rather than retrieved temperatures to allow access to
smaller-vertical-wavelength features than are available with
the methods used here, and Wright et al. (2016), who com-
Atmos. Meas. Tech., 9, 877–908, 2016 www.atmos-meas-tech.net/9/877/2016/
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Figure 2. Maximum heights reached by radiosondes. Panel (a) shows a cross for each individual sonde. In (b) each column shows the
distribution of maximum heights for the corresponding month, with colours indicating (in order of increasing saturation) the full range,
5th–95th percentile, and 32nd to 68th percentiles of maximum heights reached by that data set in that month. Crosses indicate the monthly
median. One sonde extends above the figure axis (August 2003); this balloon reported a maximum altitude of ∼ 60 km. Horizontal dashed
lines indicate the required minimum height for a measurement to be included in our analysis.
bined MLS data with co-located AIRS data to measure
GWMFs in three dimensions.
2.5 SAAMER meteor radar
The Southern Argentina Agile Meteor Radar (SAAMER)
is a meteor radar system installed at Rio Grande on Tierra
del Fuego (53.8◦ S, 67.8◦W) with a peak power of 60 kW.
Operating since May 2008, SAAMER measures the ioni-
sation trails generated in the 70–110 km altitude range by
∼ 12 000 meteors per day (Fritts et al., 2010). The radar scat-
ter from these ionisation trails can be used to infer the speed
and direction of the local wind field, including the small per-
turbations to this field induced by gravity waves. SAAMER
operates at significantly higher power levels than standard
meteor radars, with a set-up designed to optimise the detec-
tion of off-zenith meteor trails, and is thus more sensitive to
gravity-wave effects (Fritts et al., 2010).
The detected meteor trails are Gaussian-distributed about
an altitude of ∼ 90 km, and in practice, too few meteors are
detected at heights below ∼ 80 km or above ∼ 100 km for
gravity-wave analyses to be carried out.
2.6 SABER
A 10-channel limb-sounding infrared radiometer, SABER
provides ∼ 2200 profiles globally per day, with a vertical
resolution of approximately 2 km and an along-track profile
spacing alternating between 200 and 550 km. Kinetic tem-
perature profiles cover the 15–120 km altitude range, with a
precision of ∼ 0.8 K (Wrasse et al., 2008; Remsberg et al.,
2008). An LTE (local thermodynamic equilibrium)-assuming
retrieval at low altitudes provides the lower boundary con-
ditions for a non-LTE retrieval above 40 km (Mertens et al.,
2009). Coverage shifts north and south every 60 days to cover
the poles alternately. Accordingly, the majority of our analy-
sis region is only fully covered for 60 in every 120 days; oth-
erwise, measurements terminate slightly north of the site at
50◦ S. Section 3.5 below investigates the effect of this vary-
ing cycle further. We use v2.0 data, which are available from
2002 onwards. SABER has also been used for a vast range
of gravity-wave studies, e.g. Krebsbach and Preusse (2007);
Preusse et al. (2009); Schroeder et al. (2009); John and Ku-
mar (2012); Zhang et al. (2012); Ern et al. (2011) and Ern
et al. (2014).
2.7 Radiosondes
We analyse data from the UK Met Office’s Mt Pleasant ra-
diosonde2 station, located on the Falkland Islands at 58.4◦W,
51.8◦ S (Met Office, 2015). This is geographically located
near the easternmost edge of our analysis region. The Mt
Pleasant station provides a 15-year record (1999-date) of
high-resolution radiosondes, typically launched twice daily
(11:00 and 23:00 UTC) with a 2 s temporal resolution dur-
ing their ascent to altitudes between 20 and 40 km; Fig. 2,
discussed in more detail below, shows the actual maximum
heights reached by each balloon we analyse.
Vaisala RS-80-H radiosondes were used until 2005, af-
ter which launches switched to Vaisala RS-92 radiosondes;
Smout et al. (2005) investigated this change and concluded
that data quality remained consistent across this transition.
2We use the terms “radiosonde” and “sonde” interchangeably
throughout this study; in all cases, we refer to radiosondes specifi-
cally and no other type of sonde instrument.
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Figure 3. Zonal (left), meridional (centre) and absolute (right) seasonal-median winds derived from (z < 80 km) ECMWF operational anal-
yses for 2002–2012 (z > 80 km) SAAMER observations for 2006–2012.
Following a change to more lightweight balloons in 2008 the
typical peak altitude of the balloons was reduced (see Fig. 2).
The data used here are the geometric altitudes, atmospheric
temperatures and (in Part 2) wind speeds returned by the son-
des.
High-resolution radiosondes are another hardy perennial
of gravity-wave research, with a vast range of studies in
the recent past. The Falklands radiosonde data set has been
recently studied for gravity-wave effects by Moffat-Griffin
et al. (2013).
2.8 Wind
To interpret our results, we make use of complementary
wind information. We use ECMWF operational analyses
(ECMWF, 2015) up to 80 km and SAAMER observations
above 80 km. These data are shown in Figs. 3 (seasonal medi-
ans against height) and 4 (time series at five specific altitude
levels of interest). Values presented in Fig. 4 are daily medi-
ans over the region of interest, smoothed 14 days (ECMWF)
and 31 days (SAAMER). The vertical dotted line on panels
(g)–(j) indicates the change to the number of levels in the
ECMWF model from 60 to 91; before this date, the model
did not extend above 0.1 hPa (∼ 60 km) altitude.
There is a significant discontinuity where the two data sets
join; this may be due to methodological limitations in the
meteor radar wind calculation method, limited assimilative
observations contributing to ECMWF analyses at higher al-
titudes, or some combination of these effects. Detailed in-
vestigation of this effect is beyond the scope of this study.
Although absolute values differ, the ordering of seasonal me-
dians across the discontinuity in Fig. 3 usually remains con-
stant, and thus the discrepancy may only be one of magnitude
rather than direction.
3 Data availability and geographic coverage
The data availability and geographic coverage of our data sets
differ greatly. Figures 5 and 6 illustrate the coverage available
to each of our data sets, displayed in terms of geographic
(Fig. 5a and 5b), altitudinal (Fig. 6a) and temporal (Fig. 6b–
h) coverage. Note that the colours and symbols associated
with each instrument here are used for all subsequent figures
in this study, in order to provide a visual key to the data being
considered in each case.
3.1 Geographic coverage
Figure 5a shows the four limb-sounding data sets, i.e. COS-
MIC (orange), HIRDLS (red), MLS-Aura (mustard) and
SABER (purple), all for a typical day (1 January 2006 for
HIRDLS, MLS-Aura and SABER, 1 July 2008 for COS-
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Figure 4. Zonal and meridional winds (left and right columns) computed from ECMWF operational analyses (25–70 km) and SAAMER
observations (85 km). Time series of meridional (red), zonal (blue) and absolute (black dotted) wind (centre column). Note that there is a
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Figure 5. Panels (a) and (b) show geographic footprints of the data sets examined for a typical day (except AIRS: single descending-node
pass only). The black box outlines the region averaged over for our analyses.
MIC). The black box indicates the region over which our re-
sults are averaged. HIRDLS, MLS-Aura and SABER precess
geographically westwards every day systematically due to
their consistent low-Earth orbit and the rotation of the Earth
beneath them, whilst COSMIC profiles are pseudo-randomly
distributed each day.
Figure 5b shows geographic footprints for AIRS
(descending-node pass on 6 November 2002, blue, partially
hidden by SAAMER coverage) and SAAMER (1 January
2010, green). The sonde launching station at Mt Pleasant is
also indicated on this panel (grey cross). As with HIRDLS,
MLS-Aura and SABER, the AIRS scan track precesses uni-
formly each day, while the location of the SAAMER foot-
print is constant provided a sufficient number of meteors are
detected. Note that for clarity we show only a single orbital
pass of AIRS, rather than all passes over a day. In a com-
plete day, the majority of the region should be covered at
least twice.
We see large differences between the geographic cover-
age of the seven data sets. SAAMER has continuous cover-
age of a large proportion of the boxed region, with around
15 000 individual meteor detections per day. AIRS has by
far the best coverage of the satellites, with hundreds of in-
dividual measurements taken on every satellite pass; typi-
cally ∼ 8 individual swaths overlap part of our region each
day, each consisting of 135× 90 spatially distinct measure-
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Figure 6. (a) Height coverage of each data set, with the approximate vertical resolution of each data set indicated at each altitude. Marker
symbols are arbitrarily located and are only included to assist in uniquely identifying each series, with the exception of AIRS where they
indicate the actual height levels analysed. (b–h) Temporal coverage of each data set. Each panel shows the number of measurements per
4 h period available for a given instrument for each day from 1999 to 2013, with time within each day on the vertical axis and days on the
horizontal axis. Instrument are indicated by the text label at the left of each panel. All times are UTC.
ments at each height level. Of the limb sounders, HIRDLS
has the best geographic coverage, with regularly repeating
scan tracks crossing some part of the selected region almost
every day. SABER will typically have several profiles in the
region each day (but see Sect. 3.5 below for caveats relating
to the yaw cycle), although much fewer than HIRDLS, and
MLS-Aura has a similar number. COSMIC will also typi-
cally have several profiles per day. The example sampling
shown for COSMIC is for a typical day late in the mis-
sion; during the earlier deployment phase, discussed above,
profiles are instead often in closely spaced pairs or triplets
(Hindley et al., 2015). Sondes are typically launched twice
daily, and provide data from the region around Mt Pleasant,
travelling up to ∼ 150 km downstream during their ascent.
Under the prevailing low-altitude winds in this region, this
downstream region usually extends eastwards from the Falk-
lands, i.e. slightly outside our geographic region of interest,
and the results should be considered accordingly.
3.2 Altitudinal coverage
Figure 6a shows the altitudinal coverage and the minimum
detectable vertical wavelength (MDVW) of each data set, de-
fined as twice the vertical resolution for all instruments ex-
cept AIRS. Maximum detectable vertical wavelengths are de-
fined by the method used for analysis in each case, and will
be discussed in Sect. 4. Horizontal resolution, defined by the
averaging line-of-sight of the instruments, varies depending
on direction of the observation, and will be discussed further
in Part 2. Note that the marker symbols are uniformly but
arbitrarily located, with the exception of AIRS where they
indicate the actual levels studied.
SABER has by far the best altitude coverage, extending
from the lower stratosphere to well above 100 km, with a
constant MDVW of ∼ 4 km. MLS-Aura has the next best
coverage, from 10 to 100 km, but with much coarser reso-
lution at all heights. This is followed by HIRDLS, reaching
from the tropopause to around 80 km altitude; this data set
has a MDVW of 2 km up to around 60 km which then reduces
to 4 km (Gille et al., 2013; Wright and Gille, 2013). COSMIC
profiles reach up to 60 km, with a MDVW of ∼ 2.8 km in the
stratosphere (Tsuda et al., 2011).
SAAMER provides coverage in the region of the meso-
sphere in which meteor activity is significant: this activity is
typically Gaussian-distributed about a peak altitude of 90 km,
with negligible observed meteor counts above 100 km or be-
low 80 km. The technique should be sensitive to compara-
tively small vertical features, with MDVW hard to define
precisely but ∼ 3 km due to Fresnel reflection and altitude
resolution limitations.
AIRS brightness temperatures are computed from ∼ 16 to
∼ 42 km altitude. Due to the extremely deep weighting func-
tions associated with AIRS’ spectroscopic limb-sounding de-
sign, there is large and significant overlap between different
height levels (Fig. 1a, discussed in more detail below). The
values shown are the full widths at half maximum for each
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channel, below which we reject detected signals as spurious
(Sect. 4.3) following the method of Alexander et al. (2009a).
The radiosonde data set covers the 0–35 km altitude range,
although with an increasing probability of dropouts with
height due to balloons reaching their peak altitude. Figure 2
shows the distribution of maximum heights achieved by the
individual radiosondes, together with a minimum maximum
height we require for a profile to be considered (25 km). In
every month for which data are available, measurements exist
above our cut-off, albeit occasionally only in small numbers.
The MDVW of the measurements is ∼ 100 m, much smaller
than of the satellite data sets.
For all data sets, we omit the region around the tropopause,
which we define as 10–15 km; this is because the reversal
of the vertical temperature gradient at this altitude induces a
sharp kink in perturbation profiles. Data sets are analysed up
to the highest altitude available in the data set in each case;
this leads to the inclusion of both edge-truncated wave sig-
nals and/or lower quality data in the analysed results, which
will be discussed where relevant.
3.3 Temporal coverage
Figure 6b–h show the temporal coverage of each data set.
The vertical axis on each panel shows the subdiurnal avail-
ability of the measurements for each instrument, binned into
4 h periods after all quality checks have been made.
The longest data records belong to AIRS (Fig. 6a),
SABER (Fig. 6g) and the radiosonde data set (Fig. 6h).
AIRS and SABER launched in 2002, and are still operat-
ing, whilst the high-resolution sonde programme at Mt Pleas-
ant commenced in 1999, albeit with gaps, particularly at
later dates. SAAMER, which commenced operations in mid-
2008, is also still operating, as is MLS-Aura, which launched
in 2004. COSMIC measurements extend from mid-2006 to
date. HIRDLS has the shortest period of data, at around 3
years; note, however, that this 3-year period provides more
individual wave measurements than the 11 years of SABER
data (Wright et al., 2015). Due to being a fixed observational
site, SAAMER makes measurements at all times of day. A
daily cycle in the observed number of meteors is observed;
this is due to the rotation of the earth relative to the Earth’s
travel vector along its orbit (Fritts et al., 2010). This effect
is expected to slightly bias quantities averaged over periods
longer than a day towards the subdiurnal periods of greater
meteor density. There is also an annual cycle, due to zodia-
cal meteor clouds encountered as the Earth orbits around the
Sun.
For all data sets, we use data up to the end of the calendar
year 2013 where available and to the end of the available
record otherwise.
AIRS, MLS-Aura, HIRDLS and the sonde measurements
generally exhibit a consistent daily pattern, with two main
passes over the region per day for HIRDLS, MLS-Aura and
AIRS and twice-daily launches by the sonde station for most
of the period considered. AIRS also exhibits coverage in the
time bins on either side of the main passes, due to preced-
ing or subsequent orbits to the primary pass clipping at least
some part of the region most days. 11:00 UTC sonde data
are not regularly available after 2008. There are often addi-
tional sonde launches in a given day; these are included in our
analyses, but the final result will be dominated by the 11:00
and 23:00 UTC regular launches. SABER exhibits a precess-
ing pattern, with the times of the regional overpass each day
varying systematically with time.
3.4 Discussion of coverage
The data sets chosen complement each other well in terms
of their geographic and temporal coverage. SABER provides
coverage at a vast range of altitudes and a very long data
record, but with a comparatively small number of profiles
per day and with additional geographic constraints due to the
satellite yaw cycle. MLS-Aura provides reinforced coverage
over the full height range, but with a much reduced vertical
resolution. HIRDLS provides a smaller, but still broad range
of height levels, and has a much higher number of profiles
per day but a shorter instrumental record. COSMIC provides
additional limb-sounding coverage in the upper troposphere
and lower stratosphere (UTLS), again with a long and contin-
uing instrument record. AIRS again has a long and continu-
ing data record and excellent horizontal detail, but with much
reduced height discrimination. Finally, SAAMER provides
detailed information on the upper mesosphere with contin-
uous temporal coverage, and the sondes information on the
troposphere with twice-daily coverage. The instruments also
complement each other spectrally; this will be discussed in
Sect. 5.
3.5 Subregional effects of the SABER yaw cycle
As mentioned in Sect. 2.6, SABER’s scanning routine incor-
porates the TIMED spacecraft’s yaw cycle, with the cover-
age region shifting north and south every 60 days to cover
the poles alternately. Accordingly, while the coverage of the
instrument in the tropics and at midlatitudes remains con-
stant throughout the year, high northerly and southerly lat-
itudes are only covered for approximately 60 days in every
120 days, with coverage in the “off” hemisphere extending
to ∼ 51◦and in the “on” hemisphere to ∼ 87◦. As shown by
Fig. 7, this results in a geographic imbalance for SABER data
at a subregional scale; while approximately the same number
of profiles will fall within our region at all times of year, these
profiles fall entirely in the equatorward quarter of the region
during the northern yaw phase.
To assess the impact of this upon our results, Fig. 8 exam-
ines the impact of this geographic imbalance using HIRDLS
data. Specifically, we divide the geographic region into two
subregions, one poleward and the other equatorward of 51◦ S,
and investigate their relative temporal evolution.
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Figure 7. Typical weekly coverage for SABER during the northern (left) and southern (right) phase of the instrument yaw cycle. The dashed
line in left panel indicates the approximate poleward limit of observations in this yaw phase. Note the greater observation density in the
covered part of our region during the northern phase of the yaw cycle, due to the scan track turnaround near these latitudes. Specific coverage
illustrated is from 1–7 March 2006 (left) and 1–7 January 2006 (right).
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Figure 8. Annualised HIRDLS-derived (a) GWMF and (b) GWPE for the boxed region illustrated in Fig. 7, divided into (dotted) equatorward
and (solid) poleward of 51◦ S regions. Data shown are at 40 km and smoothed by 7 days. (c) Pearson linear correlation (“c”) between
poleward and equatorward regions for (solid) GWMF and (dashed) GWPE annualised time series (smoothed 14 days) at each height level in
the HIRDLS data set. c = 0.5 and c = 0.9 are indicated with dotted black lines for reference.
Figure 8a shows the annualised estimated GWMF and
GWPE at 40 km altitude for the equatorward (dotted line)
and poleward (solid line) regions. The calculation method for
GWPE is discussed in Sect. 4 of this paper. The GWMF cal-
culation is described in Part 2 and is that described by Wright
and Gille (2013). Data have been smoothed by 14 days; this
is because the short-timescale variation in the observed GW
field is extremely large (e.g. Hertzog et al., 2012; Wright
et al., 2013), and consequently there is significant and domi-
nating variability at shorter timescales. We see a similar tem-
poral evolution, with elevated GW activity levels during the
period April–October and lower during the rest of the year.
The equatorward results exhibit more volatility; this is con-
sistent with the much smaller geographic region this repre-
sents, which will tend in the HIRDLS data set to contain a
smaller number of profiles. Since the number of profiles re-
mains approximately constant in SABER between the two
yaw phases (Fig. 7), this volatility should be smaller for
SABER relative to the southern region.
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Figure 8c extends this analysis to all height levels ob-
served by HIRDLS. Here, the solid line shows the Pear-
son linear correlation coefficient between the two (14-day
smoothed, annualised) time series at each altitude for (solid
line) GWMF and (dotted line) GWPE. We see that cor-
relation coefficients typically lie between ∼ 0.5 and ∼ 0.9
for both GWPE and GWMF. This is similar to or better
than the correlations observed between HIRDLS GWMF and
large-scale GWMF-generating processes such as the mon-
soon (Wright and Gille, 2011). It may hence primarily rep-
resent limitations in the GWMF sampling and calculations
rather than inter-subregional differences. Note that the 40 km
level shown in Fig. 8a and 8b exhibits a lower correlation
than many other levels, and thus the examples shown are
close to a worse-case comparison.
We hence conclude that the effect of the yaw cycle on the
temporal variability of SABER observations in our region
should be small. They may however be important at certain
altitudes, and will be discussed in these contexts.
4 Analysis methods
In this study, we examine the GWPE and vertical wave-
lengths obtained from our data sets. Part 2 will investigate
other wave properties. For the satellites and sondes, we de-
fine GWPE as
Ep = 12
( g
N
)2( Tˆ
T¯
)2
, (1)
where g is the acceleration due to gravity, N the Brunt-
Väisälä (buoyancy) frequency, Tˆ the local temperature per-
turbation and T¯ the background temperature. N is com-
puted directly from instrumental temperature and pressure
data where possible, with gaps in low-altitude temperature
and pressure in some data sets replaced by ECMWF opera-
tional analyses (ECMWF, 2015). g is assumed to be equal
to 9.8 ms−2. This is slightly higher than the true g at the
heights we consider, but consistently so for all data sets ex-
amined. In any case, variability in g is much less than that in
N , which should therefore dominate variations in the com-
bined term. Tˆ is computed using Stockwell transform (S-
transform) methods (Stockwell et al., 1996), as described in-
dividually below; in general, this will provide slightly lower
estimates of GWPE than in many other studies where the
absolute local perturbation to the background temperature is
used. This is because we effectively use a lower-bound esti-
mate of wave amplitude (Wright, 2010; Wright et al., 2015)
rather than using the full wave cycles of a selection of waves
and relying on bulk profile numbers to average out over the
whole wave cycle (Alexander et al., 2008b); thus, our results
will have a lower mean value.
The SAAMER radar makes statistical estimates of prop-
erties of the GW field for GWs measured within the meteor-
collecting volume of the radar, which is an approximately
cylindrical region over the radar∼ 20 km deep and∼ 300 km
in diameter. The radar measurements detect the wind per-
turbations associated with the GWs rather than their tem-
perature fluctuations. The measurements are dominated by
the contributions made by GWs with wave periods less than
∼ 3 h and wavelengths smaller than the approximate physical
size of the collecting volume (Hocking, 2005). We reiterate
here for clarity that the radar technique differs fundamen-
tally from that used by the various satellites, as the product it
produces is more closely related to gravity wave kinetic en-
ergy (GWKE) than GWPE (e.g Balsley and Garello, 1985;
Geller and Gong, 2010). Our comparisons here will there-
fore be limited only to qualitative comparisons of the general
form of the vertical structure and seasonal variability of GW
variance and GWPE. Note, however, that the radar is also
able to make simultaneous estimates of momentum flux and
we will consider these measurements in Part 2.
4.1 COSMIC, HIRDLS, MLS-Aura and SABER
For the limb-sounding instruments, we compute Tˆ and λz
using vertical temperature profiles. We first detrend the ob-
served data for sinusoidal global-scale wave features which
wrap exactly around the latitude circle, which we assume to
represent planetary waves. To do this, we take the global
data from each instrument for each day, divide them into
5◦ latitude bands, and for each band at each height level fit
sine waves of modes one to three using the IEEE-1057 four-
parameter wave-fitting algorithm (Händel, 2000). We then
remove these waves, together with the corresponding zonal
mean value, from our profiles, leaving profiles of the local
perturbation to the mean atmospheric temperature, which we
assume to be due to gravity waves. There will be some leak-
age of tidal features into the wave spectrum at mesospheric
altitudes, since migrating and non-migrating tides will not
necessarily alias to planetary-wave modes.
We next apply the Stockwell transform to the detrended
vertical profile data. This method has previously been ap-
plied to compare data from COSMIC, HIRDLS and SABER
by Wright et al. (2011), on a global basis but over a much nar-
rower altitude range. Consistently with Wright et al. (2011)
and also with Alexander et al. (2008a), we assume the sin-
gle largest-amplitude signal at each height level to be a grav-
ity wave. This assumption is reasonable in this region due to
the dominance of the observed wave spectrum by large indi-
vidual waves (Hertzog et al., 2012; Wright and Gille, 2013;
Wright et al., 2013), and also allows simpler intercompari-
son between our data sets since the largest-amplitude signals
will tend to be at the longer vertical wavelengths accessible
to most of our instruments (see e.g. Fig. 8b of Wright et al.,
2015 for evidence of this in the context of global HIRDLS
measurements). It will, however, result in a bias of our re-
sults on average towards longer vertical wavelengths.
The transform output provides us with the amplitude Tˆ
and vertical wavelength λz of this dominant wave. Observed
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λz values are quantised as integer multiples of the minimum
detectable wavenumber, but due to the spectral width of the
peaks other real values will map onto these. Tˆ is then used
to calculate GWPE, whilst λz is considered separately. We
limit λz to ≤ 30 km; in practice, due to the quantisation of
the S-transform output, this becomes 18 km.
4.2 Radiosondes
For the radiosondes, we again compute Tˆ and λz using
vertical information. However, we do not have global data
available for this data set, and accordingly we use a linear-
detrending method to remove larger-scale structure, specifi-
cally a second-order Savitzky–Golay filter (Savitzky and Go-
lay, 1964) applied to the individual profiles. This is a low
pass filter by design, which we use as a high pass filter by
differencing the original and output signals. The filter is ap-
plied with a frame size of 5 km; the resulting transfer func-
tion provides a transmission factor of>∼ 0.75 for all vertical
wavelengths shorter than 3.5 km, dropping to 0.5 at 4.2 km
vertical wavelength and 0.2 at 5.5 km wavelength (see Fig. 6
of Hindley et al., 2015, for an example of the second-order
Savitzky–Golay transfer function for a frame size of 18 km).
This should adequately filter out the large-scale background
temperature structure of the atmosphere, and should also
serve to filter out the majority of planetary-wave signals as
these typically have long vertical wavelengths at these lat-
itudes. In practice, due to S-transform output quantisation,
this limit of recorded wavelengths becomes ∼ 3 km.
After detrending, our analysis follows the same methodol-
ogy as the limb sounders, described in the second paragraph
of Sect. 4.1.
4.3 AIRS
For AIRS, we compute the brightness temperature TB at each
of the pressure levels specified in Table A2 of Gong et al.
(2012). Brightness temperature for each individual radiance
channel i is computed as
TBi = hckr
kB
(
ln
(
2hc2k3r
R
+ 1
))−1
, (2)
where h is Planck’s constant, c the speed of light in vac-
uum, kB Boltzmann’s constant, kr the wavenumber associ-
ated with the radiance channel, and R the measured radiance.
The brightness temperature used at each level is then com-
puted as the unweighted mean of the contributing channels
at that level, i.e.
TB = 1
n
n∑
i=1
TBi (3)
for n contributing channels. We detrend the resulting TB
data across-track with a fourth-order polynomial for each
AIRS granule (Alexander and Barnet, 2007; Alexander et al.,
2009a; Alexander and Grimsdell, 2013), leaving perturba-
tions around the local brightness temperature TB .
These perturbations show clear evidence of wave-like sig-
natures when examined individually. However, they under-
represent the true amplitude of the observed waves, due to
the broad kernel functions used in the AIRS retrieval. To
compensate for this, we convolve the kernel function of each
channel with a vertical sine wave of known wavelength and
amplitude unity, and iterate across all possible phases of the
input wave, optimising for the best response as a function of
phase. We repeat this over a broad range of wavelengths, nor-
malise the results, and from this compute the attenuation re-
sponse of an observed signal A(λz) (Fig. 1a and b), rejecting
all wavelengths smaller than the full width at half maximum
of the kernel function. The function A(λz) can in principle
be used to scale the amplitude of the observed wave from
a brightness temperature perturbation to a “true” tempera-
ture perturbation. However, since the response is a function
of the vertical wavelength of the observed wave signal, we
must first compute the vertical wavelength λz.
λz is computed via reference to linear theory. We initially
assume that the large-amplitude long-vertical-wavelength
waves visible to AIRS in this region are orographic in
source. Then, under the assumption that the waves observed
thus have zero ground-based frequency and horizontal phase
speed, vertical wavelength can be computed as (Alexander
et al., 2009a; Wright, 2010)
λz = 2pi
(
N2
U2
− k2h
)−1/2
, (4)
whereU is the local wind speed projected along the wavevec-
tor and kh is the horizontal wavenumber of the observed
waves.
To compute kh, we follow the method of Alexander and
Barnet (2007). First, we S-transform each across-track row of
the AIRS granule, and then multiply the resulting spectrum
for each row by the complex conjugate of the adjacent row
to produce covariance spectra. We average these covariance
spectra across all row pairs in the granule to produce a mean
covariance spectrum for the granule, and extract up to five
peaks in this averaged spectrum.
For each peak, we then extract the horizontal wavelength
associated with the peak in the across-track direction and
use the phase change between each row and the adjacent
row at the appropriate frequency to compute the correspond-
ing along-track horizontal wavelength for each pixel on the
granule, together with the associated brightness temperature
perturbation. Using the known geometry of the observations,
we then rotate these into a rectilinear latitude–longitude co-
ordinate system and combine them in quadrature after con-
verting to wavenumber (via the identity k = 2pi/λ). This
produces an estimate of the horizontal wavenumber kh and
brightness temperature amplitude TˆB for each pixel for each
of our up-to-five peaks. We separately compute an esti-
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mate of the magnitude of the local wind projected along
the wavevector from ECMWF operational analyses, and use
these quantities and Eq. (4) to compute λz associated with
this peak for each pixel according to the method presented in
Alexander et al. (2009a). This allows us to compute the at-
tenuation response A(λz) and hence the “true” temperature
perturbation for each pixel
Tˆ
T¯
= TˆB
A(λz) T¯B
, (5)
which can be used with Eq. (1) to compute GWPE. Some
outlier spikes arise at this step due to regions of small-
amplitude noise being amplified significantly by a short verti-
cal wavelength “calculated” from the horizontal wavelengths
associated with the noise in the S-transform analysis above.
To compensate for this, we remove any amplitudes more than
5 standard deviations above the granule mean at this step.
This only affects a very small percentage of granules, but
can have a very significant effect where it does apply.
Finally, we combine the separate results for each peak into
a single mean value for each pixel, with the contribution from
each peak weighted by the amplitude of the perturbation for
that pixel associated with that frequency peak.
In principle, this method is sensitive to very small hori-
zontal waves at around the Nyquist limit for the instrument
sampling. However, due to the strong dependence of our re-
sults on the observed horizontal wavenumber kh, we wish to
exclude the very smallest scales, since these may potentially
be strongly affected by noise in the signal. For example, in
the AIRS granule studied by Alexander et al. (2009a) (their
Fig. 3) the observed momentum flux is dominated by a very
small feature at the Nyquist limit for the granule, with mo-
mentum flux of order hundreds of mPa. While this feature is
clearly visible in the granule in question, we cannot be sure
that this will hold for the very large number of granules we
consider here without individual checks, and accordingly we
wish to reduce the dominance of such features on the over-
all result. To do this, we pre-smooth our observed brightness
temperatures with a boxcar of width 3 pixels in each direc-
tion. In the case of the Alexander et al. (2009a) granule, this
reduces our observed GWMF to that of the larger-scale fea-
ture which dominates initial visual inspection of the gran-
ule, of order tens of mPa. This choice thus reduces our maxi-
mum resolution and focuses our analysis on larger-scale fea-
tures, reducing mean and median values by around an order
of magnitude.
For the limb-sounding instruments and sondes, we select
only the largest-amplitude signal at each height level. By
analogy, we thus wish to select the largest value of AIRS
GWPE for each swath and use this value for subsequent anal-
ysis. However, due to the analysis methodology, the maxi-
mal value in each granule is highly skewed by portions of
the observed wave cycle where the phase leads to the high-
est amplitude. This effect is illustrated by Fig. 1c and d. Fig-
ure 1c shows the (3-pixel-boxcar-smoothed) temperature per-
turbations associated with an AIRS granule measured on the
6 September 2003 over South Georgia island. This granule
is the example considered by Alexander et al. (2009a), dis-
cussed above. Figure 1d shows the GWPE computed using
our method, with line contours overlaid to indicate the lo-
cation of the wave-like feature in the above panel. As we
see, this is dominated by an extremely localised maximum
which is highly elliptical along a region of maximum in-
put signal magnitude (but not necessarily amplitude). This
maximal value over-represents the GWPE associated with
the wave, which must instead be averaged over the full cy-
cle of the wave. To approximate this averaging without a
significant increase in computational complexity, we smooth
our granules after analysis with a smoother of width 10 pix-
els (Fig. 1e), and then take the maximum smoothed value
over the whole granule as our representative GWPE value.
As can be seen, this delocalises the resulting signal, spread-
ing it over the region covered by the wave, and reduces the
observed value to one more representative of the wave as a
whole. This will tend to further reduce our final values for
GWPE (and, in Part 2, GWMF) relative to other studies us-
ing similar methods. Finally, we empirically remove features
with GWPE < 0.5 J kg−1, which appeared indistinguishable
from noise in our subsequent analyses (not shown) and dom-
inated the mean and median of the distribution due to their
large numbers.
4.4 SAAMER meteor radar
To detect gravity-wave variances and momentum fluxes from
SAAMER, we use the method of Hocking (2005).
First, we compute the background wind state. Meteors in
the 15–50◦ off-zenith angle range are binned into six non-
overlapping height bands (specifically, 78–83, 83–86, 86–89,
89–92, 92–95 and 95–100 km). Mean winds are then calcu-
lated for 2 h windows, stepping 1 h. This is done individu-
ally in the zonal and meridional directions, using a horizontal
least-squares fit to the observed radial velocities and assum-
ing a zero vertical mean wind speed. Meteors with a radial
velocity more than 30 ms−1 above or below the computed
mean are excluded from this calculation to avoid significantly
biasing the results.
We assume this 2 h mean wind field to include the ef-
fects of planetary waves, the diurnal and semi-diurnal tide,
and other large-scale background effects, leaving small-scale
perturbations to be analysed for gravity-wave signatures. To
compute the effects of gravity waves, we therefore interpo-
late the computed mean wind field to the location of each
meteor and remove it, leaving a radial velocity perturbation
v′. These radial velocity perturbations are then analysed us-
ing the matrix inversion method of Hocking (2005) to give
estimates of direction-resolved gravity-wave variances and
momentum fluxes.
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Here, we use the absolute wind variance ν, which we de-
fine via
ν2 =< u′u′ >2+< v′v′ >2, (6)
where u′ and v′ are the small perturbations to the wind ve-
locity in the zonal and meridional directions, ν is the abso-
lute variance, and the overbars indicate time averaging. This
quantity is more comparable to our satellite measurements,
which are also absolute due to methodological limitations.
4.5 Post-analysis data treatment
For all data sets, we discard any GWPE values below the 2nd
percentile or above the 98th percentile of the annual distri-
bution at each height level before subsequent analysis. This
method is simple to implement, can be applied consistently
across data sets, and on inspection of individual time series
serves well to remove clear and apparent spikes without sig-
nificantly affecting the distributions under consideration. It
should be noted that these spikes may in principle be geo-
physical, and thus we may be removing real features with this
filter that potentially contribute significantly to wave forcing.
After this filtering, we generally represent our distribu-
tions using their median values, except in those figures where
we show the full distributions. This is due to the strong in-
termittency of the observed wave spectrum in this region,
which leads to outliers dominating the mean (e.g. Hertzog
et al., 2012; Wright et al., 2013; Alexander et al., 2015). For
Sect. 6.1, equivalent results were computed using the mean
(not shown) for the four limb-sounding data sets, and exhib-
ited results similar in form, but typically increased in magni-
tude by ∼ 20 %.
5 Spectral coverage and the observational filter
Ideally, we would like to compare our various data sets di-
rectly, both for validation purposes and to extend beyond the
height/time information available in any individual instru-
ment record. However, even after allowing for geographic
and temporal coverage issues, no single instrument can in
practice observe the full spectrum of gravity waves present in
the terrestrial atmosphere. Fundamental measurement tech-
nology limitations prevent any given instrument from view-
ing more than a small part of the extremely broad wavenum-
ber and frequency spectrum of the true atmospheric gravity-
wave distribution, an effect known as the observational fil-
ter (Alexander, 1998; Preusse et al., 2000, 2008; Alexander
et al., 2010; Trinh et al., 2015). Figure 9 (columns a–g) il-
lustrates approximate observational filters for our individual
data sets in terms of vertical and horizontal wavelength and
intrinsic frequency ωˆ. For each instrument, the best-case al-
titude for vertical resolution is shown, selected from Fig. 6a.
Dependence on wavelength is determined based upon
the physical properties of each instrument’s design com-
bined with radiative transfer (Preusse et al., 2000, 2002) and
weighting functional considerations. The observable range in
ωˆ is determined by finding the maximal and minimal values
of the gravity-wave dispersion relation (Fritts and Alexander,
2003):
ωˆ2 = N
2(k2+ l2)+ f 2(m2+ 1/4H 2)
k2+ l2+m2+ 1/4H 2 . (7)
Here, N = 0.02 rad s−1 is the Brunt–Väisäila frequency,
H = 7 km is the approximate scale height in the stratosphere
and mesosphere, f is the Coriolis parameter at 54◦ S, and k,
l and m are the zonal, meridional and vertical wavenumber
resolution limits for each instrument, as estimated above.
We see that the limb-sounding instruments (COSMIC,
HIRDLS, MLS-Aura and SABER) have very similar obser-
vational filters, strongly sensitive to long horizontal and ver-
tical wavelengths and to intrinsic frequencies well below the
Brunt–Väisäila frequency (approaching or in some cases ex-
ceeding the inertial frequency). The maximum vertical wave-
length in each case is 30 km, as imposed by our analysis.
AIRS is sensitive to a comparatively narrow range of all three
properties, at long vertical and short horizontal wavelengths
and comparatively high intrinsic frequencies. SAAMER, in
contrast, is sensitive primarily to short horizontal and verti-
cal wavelengths, but to an extremely broad range of intrin-
sic frequencies. Our radiosonde data set is sensitive to most
horizontal wavelengths above ∼ 100 km, while our analysis
method allows vertical wavelengths up to ∼ 5 km to be de-
tected.
Figure 9 (column h) combines the observational filters of
all six data sets to highlight the similarities and differences
between them. Considering first the lower panel, we see a
significant overlap in vertical wavelength–intrinsic frequency
space between the three higher-resolution limb sounders
(COSMIC, HIRDLS and SABER) and SAAMER and, sep-
arately, a moderate overlap between HIRDLS, COSMIC,
MLS-Aura and AIRS. The wavelength–intrinsic frequency
coverage of our radiosonde data sets overlaps all instru-
ments except AIRS and MLS. In the upper panel, SABER,
HIRDLS, MLS-Aura and COSMIC strongly overlap; AIRS
overlaps to a limited extent with HIRDLS, MLS-Aura and
COSMIC; the sondes overlap with HIRDLS, COSMIC and
to a limited degree SABER; the radar shows some overlap
with COSMIC, HIRDLS, MLS-Aura and the sondes.
It should be clearly noted that the observational filter we
show here is strictly an approximation for each instrument
at best, and is critically dependent on many other factors,
such as orbital geometry, tangent point averaging volumes,
meteor count rates, etc. For example, limb sounders such
as HIRDLS see the projection of a wave along their track
rather than the true horizontal wavelength of the wave, and
thus may see waves which have a true horizontal wavelength
well outside HIRDLS’ observational filter but which have an
along-track projection within it (discussed previously by e.g.
Preusse et al., 2000).
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Figure 9. Approximate observational filters for the instruments considered, in terms of observable horizontal and vertical wavelengths (top
row) and observable intrinsic frequencies and vertical wavelengths (bottom row). Based upon Alexander et al. (2010) and Preusse et al.
(2008).
Furthermore, winds may Doppler shift the observed ver-
tical and horizontal wavelengths of a wave, causing a given
wave which is invisible at one height to become visible at
another despite no change in the observational filter.
6 Gravity wave potential energies
6.1 Variations with altitude
6.1.1 Annual median
Figure 10a illustrates the all-time median GWPE measured
by each of our data sets over their entire data records and
over their full height ranges. Data are shown on a log-10 scale
in GWPE. Diagonal light grey lines on all panels of Fig. 10
indicate a gradient of exp(z/2H) for reference. This gradient
is consistent with free amplitude growth for non-dissipating
waves. It should be clearly noted that, due to processes such
as Doppler shifting, a given wave may be invisible to a given
instrument at one height but visible at another as it shifts in
or out of the observational filter for that instrument.
For comparison, Table 1 lists sample values obtained for
GWPE or equivalent variables over this region in previous
studies. Many of these values, primarily measured in the up-
per troposphere and lower stratosphere (UTLS), have been
visually estimated by the authors from global or regional
maps published in the original studies, and thus should be
treated as highly approximate. Moffat-Griffin et al. (2013)
observed values approximately 50 % of ours using the same
radiosonde data set at the 10 and 25 km altitude levels; this is
consistent with the different background removal method. As
Table 1 shows, beside general trends of seasonality and in-
crease with height, these previous observations are extremely
varied. This highlights the large magnitudinal differences be-
tween previous studies of waves in our data sets, which as we
will later suggest appear to be primary methodological.
The dominant visible trend in our results is of a strong
increase in observed GWPE with height. This is consistent
with both the expected trend due to atmospheric density and
with the previous literature at this and other locations (e.g.
John and Kumar, 2012).
We see excellent agreement between HIRDLS, SABER
and COSMIC at altitudes between 15 and 40 km. Here, the
gradient is higher than exp(z/2H), consistent with dissi-
pation of wave energy with height. This is consistent with
the very similar observational filters of these instruments.
The gradient falls to ∼ exp(z/2H) above 45 km, suggesting
much less dissipation in the upper stratosphere and meso-
sphere than in the UTLS. Importantly, we note here that the
annual median here hides strong seasonal variations in dissi-
pation, which will be discussed in Sect. 6.1.2.
COSMIC diverges strongly from HIRDLS and SABER
above 40 km altitude. This is likely to be a combination of
increased ionospheric noise preventing an accurate COSMIC
retrieval and longer-vertical-extent gravity-wave signals near
the top of the COSMIC data set being truncated and hence
not resolved in our observations.
A similar tail-off, but with smaller vertical extent and
a smaller fractional reduction, is seen at the top of the
HIRDLS, SABER and higher-altitude radiosonde curves (in
HIRDLS near 70 km in SABER near 100 km, and in the ra-
diosondes at around 25 km). SABER also shows a slight re-
duction above ∼ 85 km, but this is consistent with meteor
radar observations in the same range and thus may be geo-
physical. This suggests that the majority of the drop-off in
COSMIC is not due to edge truncation. Visual examination
of the COSMIC data set (not shown) further suggests shows
that COSMIC temperature is anomalously smooth at these
altitudes by comparison to HIRDLS and SABER, so poorer-
quality data may well be the dominant reason for this drop-
off.
The dependence of GWPE on height for MLS-Aura is
quite different to the other limb sounders. There is good
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Figure 10. (a) Annual median GWPE (except SAAMER, variances, shown on top axis) observed by each instrument at each analysed height
level. Grey horizontal lines indicate height levels studied in more detail later in this study. (b–h) Seasonal variability for each instrument.
Table 1. Sample literature values for GWPE in the region of interest, selected as the set of articles otherwise referenced in this study with
values either provided in units of GWPE or equivalent convertable units (e.g. T ′). All values are highly approximate. Values originally
published in terms of other quantities have been converted to GWPE by assuming N = 0.02 and g = 9.81, and deriving a mean background
temperature T¯ for the season of interest from ECMWF operational analyses.
Study Instrument Height (km) Equivalent GWPE (J kg−1)
DJF MAM JJA SON
A Hei et al. (2008) CHAMP 12–33 3 3.5 3 3.5
B Alexander et al. (2015) (median) COSMIC 15–33 0.5 0.75 0.75 1
C Faber et al. (2013) COSMIC 20–30 2 5
D Hindley et al. (2015) (wave-ID) COSMIC 25–35 22
E Hindley et al. (2015) (all) COSMIC 25–35 3 4 5 6
F John and Kumar (2013) (method 1) COSMIC 20–40 16
G Ern et al. (2004) CRISTA 25 36
H Yan et al. (2010) HIRDLS 22–32 1.2 4.1 4.7 5.4
I Alexander et al. (2008a) HIRDLS 25–30 3.8
J Sato et al. (2012) Kanto model 32 2 5 15 10
K John and Kumar (2013) (method 1) SABER 20–40 16
L John and Kumar (2013) (method 2) SABER 20–40 3
M Alexander et al. (2015) (median) SABER 20–42 3 10 18 18
N John and Kumar (2012) SABER 20–60 10 20 90 50
O John and Kumar (2012) SABER 60–80 20 30 120 30
agreement between ∼ 40 and 55 km altitude, but diverging
to higher values at low altitudes and vice versa. Interestingly,
the region of best agreement does not correspond to the al-
titude range below 40 km in which the instrument has the
finest vertical resolution (Fig. 6a). The positive bias at low al-
titudes may be due to the longer-vertical-wavelength waves
observed by MLS-Aura carrying larger temperature pertur-
bations relative to the shorter ones accessible to HIRDLS,
COSMIC and SABER (e.g. Wright et al., 2015, their Fig. 8c),
or due to the comparatively weaker winds at these altitudes
(our Fig. 3) leading to fewer large-amplitude waves being
Doppler-shifted into the MLS-Aura observational filter rela-
tive to the finer-resolution instruments. The low bias in the
mesosphere may also be associated with weaker winds and,
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in particular, the lower precision of temperature estimates
here (∼ 2.5 K, of the same order as some of the waves stud-
ied).
AIRS results have a slightly steeper gradient than the limb
sounders, i.e. a slower increase of GWPE with height. The
height series is also moderately jagged, at least by compari-
son to other data sets at the same height. Both of these factors
are consistent with the varying observational filter of AIRS
with height. As shown by Fig. 6a, the minimum detectable
vertical wavelength for AIRS increases with height, and is
discontinuous between levels, both of which are reflected
in this height distribution. Measured GWPE is lower than
the four limb sounders, consistent with our analysis method
which will tend to low-bias the results due to pre-smoothing
of the granules. It is also consistent with the portion of the
spectrum observed, which extrapolating from HIRDLS ob-
servations may have smaller amplitudes (Fig. 8b of Wright
et al., 2015).
SAAMER measurements exhibit an almost identical form
to SABER at relevant height levels, albeit one with a less
than exp(z/2H) gradient as seen at lower heights.
Finally, the radiosonde measurements exhibit initially
odd-seeming concave and convex forms. This is likely due
to the very short vertical extent of each series. Even using a
vertical filter as short as 5 km, the vast majority of each series
is in an edge-truncated region, and is thus not very reliable.
The values at the centres of the height ranges, which should
not be edge-truncated with the filter applied, are consistent
with an exp(z/2H) gradient, and also with the previous re-
sults of Moffat-Griffin et al. (2013) using this data set after
allowing for the different background removal.
6.1.2 Seasonal medians
Figure 10b–h show seasonal medians for each instrument.
Figure 11 shows the same data, but sorted as one panel
per season rather than one per instrument to better illustrate
multi-instrument seasonal variability.
Note that, due to a paucity of granules with measured
GWPE above noise at many levels of AIRS for much of
the year, the height range of the AIRS seasonal distributions
(Figs. 10c and 11) varies. This will be discussed in more de-
tail in Sect. 6.2.
We start our discussion in the troposphere and UTLS. The
radiosonde observations (Fig. 10g) suggest that the highest
values here are seen in autumn (MAM), with the lowest in
winter (JJA). This is consistent with Moffat-Griffin et al.
(2013), but does not correspond to the satellite data sets in the
region of vertical overlap. In the satellite data sets, values in
the lower stratosphere (below ∼ 25 km altitude) peak instead
in either spring (SON, Fig. 11d) or winter (JJA, Fig. 11c),
with spring values largest in AIRS, COSMIC and HIRDLS
observations and winter values largest in SABER and MLS-
Aura observations.
Throughout the middle and upper stratosphere, all instru-
ments show the largest values of GWPE in winter (JJA). The
springtime peak dies away in the mid-to-upper stratosphere
in all data sets except COSMIC, and drops below autum-
nal values (MAM) above around 40 km. As previously dis-
cussed, COSMIC data are less reliable at these altitudes.
In the stratosphere, the gradients of each individual season
with height remain approximately constant, with the excep-
tion of spring, where the gradient diverges sharply from the
exponential fit. This tallies with our seasonal wind median
(Fig. 3), where the absolute median winds in spring similarly
trend upwards until around 30 km altitude, above which they
rapidly fall in magnitude. The wind also shows a very simi-
lar seasonal-median trend in the three other seasons, at least
up to ∼ 70 km and perhaps higher. This may be consistent
with either differential seasonal filtering of high phase-speed
waves or waves being Doppler-shifted into the observational
filters of the instruments.
As we enter the mesosphere, seasonal variations become
much less dramatic in all data sets, as do wind variations.
In particular, seasonal-median GWPE converges tightly at
altitudes above ∼ 80 km in SABER, and gives the impres-
sion of converging at the top of the HIRDLS analysis range
(75 km). The latter feature may be spurious, as the full annual
cycle of HIRDLS GWPE looks very unusual at this altitude
(Sect. 6.2) when compared to the other data sets. Finally, in
the mid-mesosphere, all three instruments show the largest
values in summer and winter, and smaller values in spring
and autumn. This is consistent with previous observations at
these altitudes, which show a strong semi-annual cycle of ob-
served wave activity.
Wave dissipation, identified by the mismatch between
measured gradients and the exp(z/2H) fit lines, is clearly
seen, with strong seasonal variations. These variations are
consistent across instruments, and are thus best discussed
in the context of Fig. 11. The largest dissipation is seen
in the upper stratosphere (∼ 40–60 km altitude) in spring
(Fig. 11d), where the measured GWPE almost ceases to in-
crease with height before resuming a positive trend. This re-
gion corresponds to one of very low absolute zonal winds
(Fig. 3), suggesting strong critical-level filtering of oro-
graphic waves with zero phase speed from the Andes and
Antarctic Peninsula.
We also see moderate dissipation in the UTLS in DJF
(Fig. 11a), again corresponding to very low zonal wind
speeds. Interestingly, the gradient above this region increases
to one much larger than exp(z/2H); assuming the strong fil-
tering of orographic waves in the UTLS consistent with our
results, this may be indicative of waves moving into the re-
gion from outside or in situ sources.
We see minimal dissipation at any altitude in autumn
(Fig. 11b). There is perhaps some dissipation at lower alti-
tudes (∼ 15–25 km) in winter (Fig. 11c), but this does not
correspond to any obvious wind effects.
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Figure 11. As Fig. 10, but sorted by season rather than by instrument.
In subsequent figures, we consider just the 25, 40, 55, 70
and 85 km altitude levels, indicated by the grey horizontal
dashed lines in Fig. 10. This allows us to compare the vari-
ability of the different data sets more directly.
6.2 Temporal variability
Figures 12 and 13 consider the temporal variability of ob-
served GWPE at these five specified altitude levels. Fig-
ure 12a–u show, for each instrument at each of our five height
levels, the annual cycle (black dashed lines), interannual vari-
ability (coloured lines) and variability within all-years com-
posite months (boxes and whiskers). Figure 12α– reproduce
the annual cycle for each instrument for ease of direct inter-
comparison. Finally, Fig. 13 shows unwrapped time series
for each data set for the period 2002–2013. Figure 4 shows
the winds corresponding to Figs. 12 and 13.
6.2.1 Annual cycle
We consider first the overall annual cycle, shown as black
dashed lines in Fig. 12a–u and solid coloured lines in
Fig. 12α–. Note that, with the exception of SAAMER, indi-
vidual instrument data sets have been scaled to fit on a com-
mon vertical axis at each level. For each panel a–u, the values
in the panel should be multiplied by the number indicated in
the top right. The absence of a value indicates a multiply-
ing factor of 1×. Panels α– are presented unscaled for all
instruments.
Examining first SABER, MLS-Aura and SAAMER at
85 km (Fig. 12a, b, c, α), we see a pronounced semi-annual
cycle in GWPE, with peaks in summer (DJF) and winter
(JJA). This is consistent with previous observations using
meteor radars in the Antarctic region (Dowdy et al., 2007;
Beldon and Mitchell, 2009). The summer peak is stronger in
SABER, the winter peak is stronger in MLS-Aura, and both
peaks are approximately equivalent in SAAMER. These dif-
ferences may be related to the range of vertical wavelengths
visible to each instrument (Sect. 7).
We next consider the 70 km level, Fig. 12d, e, f, β. A
clear annual cycle is seen in SABER and MLS-Aura, with
high GWPE throughout April–September and low otherwise.
SABER exhibits a slight peak around the year end, but this is
very minor compared to the winter peak. HIRDLS has a less
regular cycle and shows no significant correspondence with
either MLS-Aura or SABER. This may be due to a combina-
tion of edge-truncated waves at the top of the HIRDLS anal-
ysis and lower-quality data at the highest altitudes due to in-
strument blockage effects, which are strongest here (Wright
et al., 2015). Consequently, we remove this level from our
subsequent analyses. This conclusion for HIRDLS is incon-
sistent with Wright et al. (2015), where wave patterns anal-
ysed using a variant of the technique used here appeared ro-
bust at the 70 km level. This difference most probably arises
due to the use of single profiles here rather than paired-profile
covariances in Wright et al. (2015), which will only allow
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Figure 12. GWPE annual time series for each instrument at each valid height level. Each row of panels shows a single height level, and each
column of panels shows the results for an individual instrument. Panels are only shown if data are present at that altitude for that instrument;
AIRS and SAAMER share a column. For each panel, thinner lines show individual years, with the thicker black dashed line indicating the
all-years mean.
noise to pass through to the final results if it covaries between
adjacent profiles.
At the 55 km level (Fig. 12g, h, i, j, γ ), HIRDLS, MLS-
Aura and SABER show clear and strong annual cycles, with
heightened GWPE from around April to September. COS-
MIC values are lower and exhibit a different form. This form
is similar to that at lower altitudes in all four limb sounders.
This may be due to the comparatively flat COSMIC distribu-
tion at high altitudes producing few positive wave detections,
leading to vertically extended waves centred on lower alti-
tudes dominating the S-transform output. This would further
suggest that the COSMIC data quality is too poor for de-
tailed use in studying gravity-wave effects at these altitudes.
As with HIRDLS at 70 km, we omit these data from subse-
quent analyses.
At the 25 and 40 km levels (Fig. 12k–t, δ–), the form
for all four limb sounders shifts slightly. Whilst at 55 km the
change between the low-GWPE summer state and the high-
GWPE winter state was comparatively abrupt, at 25 km all
four limb sounders (with the possible exception of MLS-
Aura) increase in intensity between April and September,
with the suggestion of a small drop around midwinter. At
the 40 km level, HIRDLS and COSMIC repeat this pattern,
while SABER and MLS-Aura have a form more similar to
the 55 km pattern. At the 25 km level, the annual cycle of
all four limb sounders is similar to the wind (Fig. 4); at the
40 km level, the wind annual cycle is more similar to that of
COSMIC/HIRDLS than of MLS-Aura/SABER but not dra-
matically dissimilar from either. Again, this may be either a
physical or an observational effect.
There are too few detected waves for useful analysis of
AIRS for a large part of the year, with several months falling
below our cut-off for analysis, defined as 30 total wave ob-
servations above our 0.5 J kg−1 noise level in that month
over all years combined. Since AIRS observations observe
only very long vertical wavelengths in high background
winds (Alexander and Barnet, 2007; Alexander and Grims-
dell, 2013), this perhaps suggests that such waves only be-
come strongly visible during this part of the year. Allowing
for this lack of data, AIRS appears to show a broadly similar
form to COSMIC and HIRDLS at 40 km, increasing through
the autumn and winter. It is difficult to discern any pattern
from the limited data at 25 km.
Finally, the sonde GWPE (Fig. 12u) shows a larger peak
in April and a smaller peak in November/December. This is
very different to the other instruments, but reproduces the
results of Moffat-Griffin et al. (2013) well in form. The ra-
diosonde data set has an utterly different observational filter
to the other instruments at this height level, with only a very
small overlap with the limb sounders. This overlap is in prac-
tice even smaller than it appears theoretically in Fig. 9 due to
the tendency of the limb sounder observations to be domi-
nated by waves with larger λz (see Sect. 7). These observa-
tions thus act as a stark reminder that the GWPE associated
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Figure 13. Time series from 2002–2013 of monthly-median observed GWPE for each of our instruments.
with waves in different spectral regimes will not necessarily
be well correlated.
6.2.2 Interannual variability
The individual coloured lines in Fig. 12a–u show the daily
median observed GWPE for each data set at each height for
each individual year. The data have been smoothed 31 days to
reduce the extremely strong day-to-day intermittency of the
data sets. In all cases, the annual cycle in each individual year
is broadly the same as the all-years median, with the same
seasonal cycle. Interannual variability generally scales with
the daily median of the all-years average; i.e. the interannual
range on any given day is proportional to the all-years median
for that day.
Figure 13 similarly shows little variability between years.
There is perhaps some suggestion of the year-to-year vari-
ability of GWPE in the limb sounders being correlated with
interannual variability in wind (compare to Fig. 4, discussed
in greater depth in Sect. 6.3). Otherwise, no long-term (multi-
year) pattern is seen.
6.2.3 Intra-month variability
The box-and-whisker plots in Fig. 12a–u show the
composite-monthly variability of the data set. Specifically,
each column shows the range of potential energies observed
in that calendar month over all years, with the central box
covering the range 32–68 % and the outer whiskers covering
the range 5–95 %. These values are chosen to correspond to
the range covered by 1 and 2 standard deviations from the
mean for normally distributed data. The median is by defini-
tion the same as the all-years median, indicated by the value
of the black dashed line at the middle of each month, and is
accordingly not separately indicated on the box-and-whisker
plots.
All the data sets exhibit clear positive skews in their dis-
tributions, with the 68th and 95th percentiles lying much fur-
ther from the median than the 32nd and 5th. This is due to
the approximately log-normal form of the observed GWPE
distributions at each height, discussed in Sect. 6.4 below.
Except for SAAMER and possibly AIRS, distributions
typically scale with their monthly median, with the positive
skew leading to much larger variability in mean GWPE than
the medians we examine here. For the six non-radar data sets,
the 68th percentile typically has a value 25 % larger than the
median and the 95th percentiles 100 % larger than the me-
dian. AIRS at 40 km is slightly different, in that the 95th per-
centile shows a steady increase with time across the winter
and peaks in September, while the median and the 68th per-
centile peak in July and fall away after this. Thus, the annual
cycle of the distribution mean is somewhat different from that
of the distribution median.
In SAAMER observations, we see a slight difference from
the form of the previously discussed instruments. Variability
does increase during the summer peak, but variability dur-
ing the winter peak, while larger than that during spring and
autumn, is smaller than would be expected following the uni-
form scaling seen elsewhere.
6.3 Wind dependence
Figure 14 shows scatter plots of absolute (
√
U2+V 2) wind
against observed GWPE for each instrument at each rele-
vant height level. Specifically, for each panel, the horizontal
axis shows measured monthly-median GWPE and the verti-
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Figure 14. Scatter plots of observed GWPE against absolute wind speed for each height level. [r] indicates the Pearson correlation coefficient
at each level.
cal axis monthly-median absolute wind, with each cross in-
dicating a specific month. Note that these are median reanal-
ysis winds rather than observed winds, except at the 85 km
level where they are median observed winds. The top row
shows results for wind at the same level as the GWPE mea-
surements, whilst the bottom row shows wind surface wind.
We use wind data from 2002 to 2013 (2006–2013 at 85 km),
and thus radiosonde measurements from before 2002 (2006)
are not included in this analysis.
For each instrument, we show all height levels at which the
data sets overlap on the same panel to avoid the necessity for
an extremely large number of panels to be plotted, with the
different height levels indicated by colour. Solid lines show
linear fits to the data at a given level, indicated by the same
colour. In order to optimise the scales on each panel to make
the largest possible subset of the data clearly visible, some
panels do not show the individual scatter points for large val-
ues of GWPE, which is particularly a problem at high alti-
tudes; logarithmic scales were investigated, but did not pro-
vide sufficient visual discrimination within a given level. For
each level for each instrument, we also compute the Pearson
linear correlation coefficient, r , indicated on the panels.
Considering first the upper row, we see strong correla-
tions between measured GWPE and the local wind speed for
all four limb sounders at low altitudes. The correlation with
wind breaks down for MLS-Aura at the 85 km level, but oth-
erwise, the correlation coefficients for all four limb sounders
decline with height, from a very strong 0.91 for MLS-Aura
at 25 km to a weak 0.32 for SABER at 85 km. SAAMER also
shows a weak 0.32 correlation with local wind.
Once again, the radiosondes and AIRS exhibit very dif-
ferent trends to the limb sounders. AIRS exhibits no mean-
ingful correlation (0.12–0.15) at either level, while the 25 km
radiosonde data set is weakly anticorrelated with the 25 km
wind.
Surface winds (lower row) show no significant correlation
with any data set at any altitude. This will be discussed fur-
ther in Sect. 8.3.
6.4 Seasonal histograms
Figure 15 shows the full distribution of observed GWPE val-
ues at each altitude as a histogram. The all-years total his-
togram is shown in the leftmost column (Fig. 15a–e) and
seasonal differences from this are shown in the other four
columns (Fig. 15f–y). Each row represents a height level.
With the exception of AIRS, where we do not measure the
full annual cycle, all data sets have been truncated to remove
partial years, in order to remove any seasonal bias from the
annual-total histogram.
For the annual-total histograms, values are shown as a per-
centage of the total observations made. For the seasonal dif-
ference columns, they indicate the relative difference, i.e. the
difference between the percentage in a given bin for that sea-
son and the percentage in that bin in the annual-total.
All histograms except SAAMER are shown on a com-
mon (logarithmic) horizontal scale to illustrate the shift
of the distribution with height.The relative position of the
SAAMER histogram is arbitrary, and is chosen to allow com-
parison with SABER without overlapping so closely as to be-
come invisible. Data have been binned into 33 bins of equal
width in log space across the range 10−1.5–103.0 J kg−1 at all
heights (SAAMER: 33 log-spaced bins across the range 50–
800 m2s−2), and the histograms are presented unsmoothed
other than this binning. Note that we previously removed all
AIRS GWPE values below 0.5 J kg−1, and consequently val-
ues below this do not occur in the AIRS histograms.
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Figure 15. Percentage histograms of observed potential energies for all instruments at all levels. The leftmost column (a, f, k, p, u) shows
histograms of all data considered, normalised to sum to 100 %. Remaining panels show differences between the normalised distribution
for each season and the annual mean normalised distribution at that high level, as a percentage difference. SAAMER variances use the top
horizontal axis; all other histograms use the bottom horizontal axis.
6.4.1 Annual histograms
We discuss first the annual histograms, Fig. 15a–e. In almost
all cases, these form near-Gaussian distributions on our loga-
rithmic GWPE axis, suggesting a log-normal form to the ob-
served data. This is consistent with momentum flux observa-
tions in this region (Hertzog et al., 2012; Wright et al., 2013)
and potential energy observations over the nearby Antarc-
tic continent (Baumgaertner and McDonald, 2007), and sug-
gests that GWPE in the atmosphere also follows this form at
least in this region. There is some skew towards larger poten-
tial energies, perhaps due to the methodological bias towards
larger events.
The limb sounders generally exhibit near-identical his-
tograms to each other at each height level, with the excep-
tion of MLS-Aura at 55 km and above, where a tail at low-
GWPE is seen. For each instrument, again with the exception
of MLS-Aura above 55 km, the distribution as a whole shifts
towards larger GWPE with height. SAAMER is almost iden-
tical in form to SABER, with the exception of a slight drop
at ∼ 500 m2 s−2, which may just be noise.
The sonde GWPE distribution is of the same form as the
limb sounders, but shifted towards lower values. This is con-
sistent with an association between shorter vertical wave-
lengths and smaller amplitudes (e.g. Wright et al., 2015), and
suggests that the log-normal form of the GWPE distribution
is consistent over a broad range of vertical scales.
Finally, AIRS exhibits a similar form to the other instru-
ments insofar as the data extend, but with the caveat that
at the 25 km level the distribution is truncated by our noise
floor, and thus cannot be confirmed to maintain this form at
low GWPE.
6.4.2 Seasonal variability
Seasonal variations are examined in Figs. 15f–y, with each
column representing a season and each row a height level.
Since the histograms are normalised to sum to 100 %, sea-
sonal variability in our figures by definition manifests itself
as a shift within each histogram rather than as an absolute
increase or decrease in the total histogram area. An increase
(decrease) in the median observed GWPE will thus appear as
a positive (negative) increase in the portion of the histogram
lying above the annual median, and vice versa. This effect
is clearly seen in the majority of the histograms, generally
smoothly but with noise in some cases, particularly AIRS.
At all altitudes up to 70 km, we see the clear seasonal cycle
seen previously in Sect. 6.2.1 duplicated, with a clean reduc-
tion (increase) in the low-(high-)GWPE region of each his-
togram. Thus, the seasonal cycle we observed above is due
to a uniform shift of observed GWPE to higher magnitudes
Atmos. Meas. Tech., 9, 877–908, 2016 www.atmos-meas-tech.net/9/877/2016/
C. J. Wright et al.: Multi-instrument gravity waves I: GWPE and λz 899
rather than a change in some specific part of the distribution.
This is consistent with the box-and-whisker plots in Fig. 12.
The 85 km level is slightly more complicated due to the
semi-annual cycle of GWPE at this height, but is again con-
sistent with the previous sections and indicative of a uniform
shift in the distribution.
6.5 Scatter plots
Figure 16 shows scatter plots of monthly-median GWPE for
each instrument pairing, with each cross indicating the me-
dian for the same month and year from the corresponding
data sets.
Within each panel, the dashed black line indicates a theo-
retical 1 : 1 correspondence between the two data sets, with
individual coloured lines corresponding to a linear fit be-
tween the two data sets as observed. As with Fig. 14, we
show all levels on a single panel, with some data off axis.
Above each panel we indicate for each height level the gra-
dient (m) and intercept (c) of the fit line, together with the
correlation coefficient (r) of the observations. Height levels
at which one or the other data set does not provide measure-
ments are indicated by dashes, and panels are not shown if
there is no height level at which the data sets overlap (e.g.
radiosondes and SAAMER). No significance is assigned to
the ordering of the panels.
We first take a broad overview, before examining individ-
ual pairings individually. Limb-sounder pairings generally
exhibit excellent fits and high correlations, at least over the
height ranges at which they operate optimally. Correlation
coefficients are typically >∼ 0.8 in these cases, with fit gra-
dients between 0.75 and 2 and small intercept values. Par-
ticularly good correspondences are seen at 25 km, where all
limb sounder combinations exhibit r > 0.85, with the excep-
tion of MLS-Aura and COSMIC (panel m, 0.80).
Radiosonde measurements show very poor agreement
with any other data set, consistent with their very different
seasonality as seen above. Indeed, fit gradients in all cases
are zero or near-negative, and correlation coefficients are ex-
tremely low or negative. This suggests a very significant dis-
connection between the wave processes observed by the ra-
diosonde observational filter and those of any other instru-
ments. Since this poor fit includes AIRS (panel h), which
has a very high horizontal resolution, this suggests that the
very different observed seasonality is due to environmental
effects on wave vertical scales rather than horizontal, or at
least a combination of the two scalings.
AIRS also exhibits a poor correspondence with all other
instruments, with negative and near-zero correlations and fit
gradients at the 25 km level. There does appear to be a mod-
erate correlation (r = 0.35, panel l) between MLS-Aura and
AIRS at the 40 km level; this is the closest-vertical-resolution
pairing available to AIRS and it is thus encouraging that this
shows the best agreement. The next best agreement is with
SABER (r = 0.22, panel j), reinforcing this further.
The SAAMER radar shows excellent correlation with
SABER, with r = 0.75. The fit gradient and intercept are
not meaningful here, due to SABER measuring temperature
and SAAMER wind. MLS-Aura shows a poorer agreement,
with r = 0.36; this is consistent with the relatively poor high-
altitude performance of MLS-Aura seen above.
We now very briefly consider each individual pairing,
in panel order. This will be done in a bulleted format for
brevity. We define a “very weak” (anti)correlation as be-
tween (−)0.20 and (−)0.30, a “weak” correlation as be-
tween (−)0.30 and (−)0.50, a “good” correlation as be-
tween (−)0.50 and (−)0.75, and an “excellent” correlation
as greater (less) than (−)0.75.
a. HIRDLS and COSMIC show excellent agreement at all
altitudes, with r > 0.7 at all levels. Fit gradients are all
greater than 1 and increase with height; this corresponds
to larger values of GWPE measured by HIRDLS, con-
sistent with Fig. 6.1.
b. COSMIC and AIRS exhibit no significant correlation,
with r and m both ∼ 0 at the two overlapping height
levels.
c. Radiosondes and HIRDLS appear weakly anticorre-
lated, with r =−0.37.
d. Radiosondes and COSMIC exhibit no significant corre-
lation.
e. SABER and COSMIC exhibit an excellent positive cor-
relation, with r > 0.8 at 25 and 40 km. As with the
HIRDLS–COSMIC pairing, observed values are lower
with COSMIC, with a fit gradient ∼ 2 at all levels.
f. HIRDLS and AIRS exhibit no significant correlation
at 40 km, and a weak anticorrelation (r =−0.34) at
25 km.
g. Radiosondes exhibit a very weak anticorrelation with
SABER.
h. No significant correlation is observed between ra-
diosondes and AIRS.
i. SABER and HIRDLS exhibit excellent correlations at
all altitudes, consistent with their very similar designs
and observational techniques. No significant bias in
monthly-median GWPE is observed towards either in-
strument.
j. SABER shows a very weak correlation with AIRS at the
40 km level, and no significant correlation below this.
k. No significant correlation is observed between MLS-
Aura and the radiosonde data.
l. MLS-Aura appears very weakly anticorrelated with
AIRS at 25 km and weakly correlated with AIRS at
40 km.
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Figure 16. Scatter plots showing the agreement level between the monthly median GWPE measured by each pair of data sets. Data set pairs
which do not overlap in altitude have been omitted. For panels (a–c, e–g), the horizontal and vertical axes indicate the GWPE measured
by each instrument at all overlapping height levels; the colour indicates the height level considered. The 1 : 1 line of perfect agreement is
indicated by the black dotted line, whilst linear fits to the data at each height level are shown by the appropriately coloured line. Gradients
[m] and Pearson correlation coefficients [r] for each level are indicated above the corresponding panel. Panel (d) uses the same format, but
values shown are normalised to the distribution mean for each instrument due to the different physical quantities under consideration.
m. MLS-Aura and COSMIC show an excellent correlation
at the 25 km level and a good correlation at 50 km. Con-
sistent with other limb-sounder pairings, COSMIC mea-
surements appear low-biased.
n. MLS-Aura and HIRDLS correlate excellently at all al-
titudes, with no significant bias in fit.
o. MLS-Aura and SABER show excellent correlations at
all heights below 85 km. No significant bias is seen at
heights up to 55 km, but fits diverge strongly above this
height.
p. MLS-Aura and SAAMER show a weak positive corre-
lation.
q. SABER and SAAMER show excellent correlation.
7 Vertical wavelengths
We now move on from GWPE to consider the vertical wave-
lengths of observed gravity waves. Of the instruments and
methods under consideration, only five (COSMIC, HIRDLS,
MLS-Aura, SABER and the radiosondes) return useful infor-
mation on this variable, and consequently we consider only
these data.
We consider first-time series of the median vertical wave-
length at each height level, before considering the observed
histograms and, finally, their dependence on wind speeds lo-
cally and at the surface.
7.1 Annual cycle
Figure 17 shows, for each of the five vertical-wavelength-
resolving instruments, the annual cycle of observed λz. As
with Fig. 12, each panel represents a given instrument at
a specific height level. The black dashed line indicates the
all-years median, individual coloured lines show the daily
median, and box-and-whisker plots show variability within
each month over all years. The primary vertical axis on each
panel is the base-10 logarithm of the vertical wavenumber
measured. This distributes the observations fairly uniformly
to allow relatively simple interpretation, but the majority of
the discussion below will be in terms of vertical wavelength,
shown on the right-vertical axis of each panel. Note that the
wavelength/wavenumber range shown is different for each
instrument.
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Figure 17. As Fig. 12, showing interannual variability of the each observed λz distribution.
We firstly note that each of the limb sounders, with the
exception of a single month of SABER data at 25 km al-
titude, exhibits a hard cut-off at long vertical wavelengths.
This is due to our analytical choices for the S-transform anal-
ysis rather than geophysical effects, and suggests that all the
distributions studied may extend beyond this limit in the full
data sets to some degree. The sondes also exhibit a hard edge
at λz ∼3 km, for the same reasons. Aside from this feature,
all the data sets exhibit clear seasonal cycles.
Variability in the radiosonde monthly median vertical
wavelength observations is very small, with variability of
only a few percent in the all-years median over the annual
cycle. The box-and-whisker plots perhaps suggest a slight
shortening of vertical wavelengths around the same time
as the GWPE maximum of this data set in April, and also
around the latter third of the year, but these effects are small.
Excluding the sondes, HIRDLS at 55 km and MLS-Aura at
high altitudes, all instruments to some degree exhibit an ap-
proximately semi-annual cycle, with the shortest median ver-
tical wavelengths in February/March and October. HIRDLS
at 55 km also shows this pattern if the first 3 months of 2008,
at the very end of the instrument record, are excluded (not
shown); this exclusion is valid, since HIRDLS during this
period was suffering from severe technical issues due to er-
ratic behaviour of the optical chopper, an issue which ul-
timately led to final instrument failure (Gille et al., 2013).
The composite-monthly distributions show the same pattern,
with the short-wavelength 95th percentile of the distributions
(top whisker) reaching values 2–3 km shorter in these months
than in JJA in SABER observations and a similar fractional
drop in the other instruments.
This cycle is strongest at low altitudes and weakens with
height. These wavelength minima coincide temporally with
the lowest absolute wind speeds (Fig. 4). Furthermore, the
longest median vertical wavelengths are seen in December–
January and June–August, again corresponding to high abso-
lute wind speeds. This suggests a strong relationship between
wind speed and vertical wavelength for these instruments.
7.1.1 Wind dependence of λz
Figure 18 examines the relationship between wind speed and
vertical wavelength further. As with Fig. 14, each column
represents an individual instrument, with the upper panel
showing the scatter of observed monthly-median vertical
wavelength against the local wind speed, the lower panel
against surface wind speed, and different colours indicat-
ing different height levels under consideration. The hori-
zontal scale on the upper panels shows vertical wavelength
and the horizontal scale on the lower panels shows vertical
wavenumber. These two scales correspond, as with the verti-
cal scales in Fig. 17. Vertical wavelength values are quantised
to the levels outputted by our S-transform analyses.
As with GWPE, we see very strong correlations for COS-
MIC, HIRDLS, and SABER between local wind speed and
observed vertical wavelength (except for SABER at 85 km);
correlation coefficients reach values as low as −0.84 (as a
negative correlation in wavenumber, equivalent to positive
correlation in wavelength) for COSMIC data at 40 km alti-
tude. While not quite as large in magnitude as the GWPE
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Figure 19. Histograms of observed vertical wavelengths for all limb-sounding instruments at all levels. The leftmost column (a, f, k, p, u)
shows histograms of all data considered, normalised to sum to 100 %. Remaining panels show differences between the normalised distribution
for each season and the annual mean normalised distribution at that high level, as a percentage difference. Top and bottom axes are equivalent.
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correlations examined in Fig. 14, these are still very strong
for observations with this type of data. MLS-Aura, however,
does not show any such correlation – this may be due to the
small range of wavelengths between the observational filter
edge and our wavelength cut-off at 30 km. Vertical wave-
length is slightly positively correlated with local wind speed
in radiosonde measurements, but this is a weak relationship
which may just be noise. SABER, interestingly, appears to
be fairly robustly positively correlated with wind speed at
the 85 km level, in contrast to the other altitude levels con-
sidered.
As with GWPE, instruments do not appear to be signif-
icantly correlated with the local surface winds. Of the five
data sets, only HIRDLS exhibits any clear trend, and even
this is weak at best.
7.2 Seasonal histograms
Finally, we consider seasonal histograms of observed vertical
wavelength. As with GWPE in Sect. 6.4, we present this as
(Fig. 19a, f, k, p, u) all-years histograms and differences from
this annual histogram. All data are presented on a common
horizontal scale, but appear significantly offset from each
other due to differing observational filters and analysis op-
tions.
In general, for each instrument the majority of wave ob-
servations are towards the longer end of the range of vertical
wavelengths observed by that instrument. This is almost cer-
tainly methodologically induced to some degree, but use of
an overlapping-wave methodology is not expected to signif-
icantly change this result in this region (Wright and Gille,
2013, their Fig. 3b) due to the domination of this region by
individual large-amplitude waves.
As with Fig. 15, seasonal variations manifest themselves
as shifts in the histogram. In general, the annual distribution
and seasonal shifts are consistent within the limb sounders,
both in form and magnitude. Longer wavelengths are seen in
winter and shorter in summer at all heights below the 85 km
level. Sondes exhibit comparatively little variability.
8 Conclusions
In this study, we have examined gravity wave potential en-
ergy (GWPE) and observed vertical wavelengths of single-
profile measurements obtained from four limb-sounding
satellite data sets and one balloon data set, GWPE from a
nadir-sounding satellite data set and wind variances from
a meteor radar installation. Here, we divide our conclu-
sions into three separate themes, specifically (1) instrumental
cross-validation, (2) observational filter effects and (3) geo-
physical conclusions.
8.1 Instrument cross-validation
The spatially co-located analysis of so many data sets pro-
vides an excellent opportunity to obtain information about
the comparative performance of the different instruments,
hence the inclusion of such a wide range of diagnostic fig-
ures. This allows us to build substantially upon the work of
Wright et al. (2011) in both range of instrumentation consid-
ered and altitude range, albeit only in a specific geographic
region.
1. We suggest that (single-profile) HIRDLS measurements
drop below a useful quality level for S-transform anal-
ysis of GWPE and vertical wavelength at heights ap-
proaching a 70 km level. COSMIC experiences a simi-
lar limitation at heights above 40 km levels, at least in
this region. HIRDLS performance at around 70 km al-
titude may be improved by using covarying profile-pair
data (e.g Wright et al., 2015). The poor COSMIC per-
formance appears to be due to anomalously smooth data
at these altitudes.
2. MLS-Aura performs surprisingly well at all altitudes
given the comparatively limited use of this data set for
gravity-wave analysis to date. Since MLS-Aura com-
bines the altitudinal range of SABER with near-global
geographic coverage throughout the year, albeit at a
much-reduced resolution, this highlights the potential of
this data set for future studies. MLS-measured GWPE
exhibits a high (low) bias relative to other instruments
at low (high) altitudes, most likely due to the observa-
tional filter relative to the other limb sounders. The sea-
sonal form of observations remains consistent with the
other data sets at these levels, even when magnitudes
differ.
3. Meteor radar wind variances (broadly analogous to
GWKE) from SAAMER appear to reproduce the sea-
sonal pattern of GWPE in other instruments well, de-
spite a very different observational filter. Given the ex-
tremely limited range of cross-validation data sets avail-
able at these altitudes, this is useful information, and
should be investigated for other meteor radar locations.
4. Limb sounders correlate excellently with each other,
and may be substitutable for each other in determining
the broad-scale temporal variability of the wave field, at
least at the monthly level. In particular, at the 25, 40 and
55 km altitude levels, no limb-sounder pair exhibits a
correlation of less than 0.80, 0.66, and 0.90 respectively
in monthly-median GWPE. In the lower two heights,
MLS-Aura is significantly less capable than the other
three limb sounders, and excluding this from the set in-
creases the minimum correlation to 0.87 (0.80) at 25 km
(40 km).
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5. The limb sounders, when analysed using the same
method (and, implicitly, focusing on waves of the same
vertical scale via the underlying choice to take the
largest-amplitude feature at each height), give broadly
similar numerical results, suggesting that the large dis-
crepancies in magnitude seen in other studies (e.g. Ta-
ble 1) are primarily methodological in origin. This high-
lights that consistent methods should be used when ex-
amining such data sets.
8.2 Observational filter effects
Our results show clear influences from the observational fil-
ters of the different data sets. These differences are impor-
tant, and will be investigated in greater depth in Part 2. Here
we note two conclusions that can be drawn directly from the
analyses presented here.
1. Our results reinforce the well-known point that the dif-
ferent observational filters of different data sets lead to
different observations of GWPE, in both seasonal form
and in magnitude.
2. In particular, the spectral region represented by the ra-
diosonde data set appears to be weakly anticorrelated
with that examined by all other height-overlapping data
sets, and peaks at quite different times of the year. It
thus cannot easily be substituted for other data sets as
an overall proxy for wave activity.
8.3 Geophysics
The wide range of complementary data sets examined here
offers a unique opportunity to examine the wave geophysics
of this region. Again, we identify key conclusions that can
be drawn from these observations. We will carry out further
investigations in Part 2.
1. Evidence of wave dissipation is seen, and varies
strongly with season. In particular, there is strong wave
dissipation in the mid-stratosphere in summer and in
the upper stratosphere in spring. The great majority of
this dissipation is consistent with zonal-wind filtering of
orographic waves.
2. GWPE observations are distributed log-normally in
magnitude. This is similar to the behaviour previously
observed for GWMF by Hertzog et al. (2012) and
Wright et al. (2013).
3. The temporal variability of observed GWPE in ev-
ery instrument except SAAMER is dominated by short
timescales. For more than half the year in every non-
SAAMER data set at every height level, the intra-
monthly variability is greater than the complete annual
variability of the data set median, even after excluding
the 0–5th and 95–100th percentiles of the distribution.
4. While short-timescale variability is very important, in-
terannual variability at the monthly-median level is rel-
atively small, perhaps with the exception of AIRS and
the radiosondes. For the limb sounders, interannual vari-
ability in any month is typically less than ∼ 100 % of
the monthly median at low altitudes, falling to less than
∼ 30 % at high altitudes. These values may seem ini-
tially high, but should be compared to short-timescale
variability of many times this magnitude.
5. The observed temporal variability of both GWPE and λz
exhibits very little, if any, correlation with surface winds
within the region. This is expected, and is consistent
with the North American radiosonde observations of
Wang and Geller (2003). This does not indicate that the
waves observed are not generated or driven by surface
or (comparatively) low-altitude processes. Our chosen
region lies between the major orographic sources of the
Andes and the Antarctic Peninsula, near the southern
polar jet edge, and in the range of Southern Ocean storm
tracks. Waves generated by any of these sources, or oth-
ers, would be expected to propagate horizontally into
our analysis region (see e.g. Hindley et al., 2015, for
orographic GWPE), and thus our results could be com-
pletely uncorrelated with local surface winds even if all
the waves had low-altitude sources.
6. Our results do suggest a correlation between GWPE
and local winds, i.e. those at the same strato-
spheric/mesospheric level as the gravity-wave observa-
tion. This may be due to Doppler shifting of waves
into the observational filters of the instruments by these
winds.
7. We see an anticorrelation between kz and local winds,
i.e. a positive correlation with λz. This is again consis-
tent with Doppler shifting effects.
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